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Lr(x, wr) = Le(x, wr) +
∫
Ω
fr(wi, wr)Li(x, wi) cos(θ)dwi,
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x(α, β) = (R + r.cos(θ)).cos(φ),
y(α, β) = r.sin(θ),
z(α, β) = (R + r.cos(θ)).sin(φ).
¾X£Á
u G
R
l8|yl}Gu#k-}al8
r
y{l }Gu³k:z{Sl8S8
φ
yX² }S¥y{lk6}lS]l
θ
yX² }S¥Zylk6zlSU·
/l
uZ½a}k-}½x}Jl8J~x&l\yN² u~z¥Zzl
vwl&Su~l&~l>j~l
O
>BuZSo~uwWSy¯} >uy{uz¯vS}y;¾ÀuS>l|ly{u y{l
Sy¯}
Oyz
Á
y{l8|;x8iB}Jz{yy{uB||uJ®~x}~z{|;|ly{u³vwlU|;~}GZu|Fk6z{Sl~|
r
l8yZl
r ∈]0, rmax]
}G±l8 ∀r  θ ∈ [0, 2π[ Jl#lU|>l8]}G±Zl8yX² xUJ}a~zuZ#}~}k6x~z¯ZlWvw~u~l6¾X£Á¾À±uz{;»¥l
¡ZÁÂ·
,.-0/21¡ 3³3lS~x8|lJ}az{u#±@z{|Sly{y{lvSl yN² x8J}z{u}}k6x~z¯JSlv² #~u~l vS}|]yX² l8|}l·
/l;B}|~|}¥l®vSl8|u@uvwuZSSxlU|/k6uZvwl
(x, y, z)
v² S:x8iB}Jz{yy{u |lU|'u@uvwuSxl8|'vwl;l¶@S~l]Su~k-}y{z{|xlU|
(s, t, u)lU|o}yuZ~|;~x¥z3}3y¯}ºÄu~k&Sy{l |z±a}J~l I





s =
√
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t = y
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u = atan(z,x)2π .
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s ∈ [0, 1], |uz √x2 + z2 ∈ [R − rmax, R + rmax]
t ∈ [0, 1], |uZz¼ y ∈ [−rmax, rmax]
u ∈ [0, 1], |uz atan(z, x) ∈ [0, 2π]
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




∀k ∈ [0, nbφ[, φ(k) = knbφ
∀j ∈ [0, nbθ[, θ(j) = jnbθ
∀i ∈ [0, nbr[, r = i2∗nbr
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φ(s, t, u) = u
θ(s, t, u) = atan(t − 0.5, s− 0.5) ∗ 12π
r(s, t, u) =
√
(s − 0.5)2 + (t − 0.5)2
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®S#±uG¶wly>vwlu@uvwuSxl
(s, t, u)
@ulU|]l³k:lU|lWvwlWvSxl8k6z{Sl]|~}
±a}y{lS®z{|~|SlWv² Sl|l8|~|z{u
v² z{Z~l~BuZy{}z{u|]y{z{Sx8}z~l8|]vwlU|vwuSxlU|]zSzz¯}y{l8|8·
»#vwlW~xx8iB}Jz{yy{uSlUu#iSliSloyX² zvSz{l
k
u|;vwu}J®y{l8|;vwl8w¶Sy{}|®BuZyuZz{vS}w¶6lJuZS~}J~| y{lW±uG¶wly>vwl
uJuZ~vSuSSx8l:¾
s, t, u)
l8y/JSl I
φ(k) < φ(s, t, u) < φ(k + 1)
ui}SvSll8|vSlw¶³y{}|u#~uS±ZlyX² l8}Zvw~lk6lJ}S¥ZSy¯}z{lWk6zSl8Svwxl~k6zB}Jo}z{|zyN² zBvwz{l
j I
θ(j) < θ(s, t, u) < θ(j + 1)
2'z{}y{lk6lJUSuvwx~l~k6zSly{l8|vSlw¶#}SSlU}w¶³~lSºÄl~k6}J]y{l±uG¶wlyXS|uz
i
l8|o}#Ll8Â~xWlyZl I
r(i) < r(s, t, u) < r(i + 1)
*l%#Ll8Sl&l|Szl
>uSi}S vwl8|ovwlw¶Sy¯}|BuZyu XvS}w¶
k
l
k + 1
loBuZSoi}ZSfvwl&yl8S~|o}SSlU}w¶
i
l
i + 1
SSlz{Jl~>uy¯}az{u|ly{uyN² }S¥Zylk6z{SlSU·*f|² }y{z{¥Sl}z{|z|S3y{l
l8J~lvSl Su~l±uG¶wl8y I











δθ =
θ(s,t,u)−θ(j)
θ(j+1)−θ(j)
si,k = s(i, j, k) + δθ × (s(i, j + 1, k) − s(i, j, k))
si+1,k = s(i + 1, j, k) + δθ × (s(i + 1, j + 1, k) − s(i + 1, j, k))
si,k+1 = s(i, j, k + 1) + δθ × (s(i, j + 1, k + 1) − s(i, j, k + 1))
si+1,k+1 = s(i + 1, j, k + 1) + δθ × (s(i + 1, j + 1, k + 1) − s(i + 1, j, k + 1))
¾ 3ZÁ
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vwlU|vwl8w¶³±uG¶wl8y{|;}3zJl8>uy¯}a~zuZ#y{z{Sx8}z~l}vSz{}yl I



δr =
r(s,t,u)−r(i)
r(i+1)−r(i)
sk = si,k + δr × (si+1,k − si,k)
sk+1 = si,k+1 + δr × (si+1,k+1 − si,k+1)
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rmax
|uZz¼ox8¥Z}y 
0, 5
Sl }B|y¯}a~zuZvSl
+0, 5
SSzx8|
|ly{uyN² }a¶wl
(O, y)
|² l|Sz{±a}J8·
oz|zXSyl i}S¥l8k6lJvwl l8Bj8lvwl8±Jz{lJ I



s = x2 + z2 − (R − rmax)
t = y
u = atan(z,x)2π .
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s1 = camera

position + znear.tan(
fovx
2 ).xview   direction
−znear.tan( fovy2 ).yview   direction + znear.zview   direction
s2 = camera

position − znear.tan( fovx2 ).xview   direction
−znear.tan( fovy2 ).yview   direction + znear.zview   direction
s3 = camera

position − znear.tan( fovx2 ).xview   direction
+znear.tan(
fovy
2 ).yview   direction + znear.zview   direction
s4 = camera

position + znear.tan(
fovx
2 ).xview   direction
+znear.tan(
fovy
2 ).yview   direction + znear.zview   direction
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s1 = camera

position + znear.xview   direction
−znear.yview   direction + znear.zview   direction
s2 = camera

position − znear.xview   direction
−znear.yview   direction + znear.zview   direction
s3 = camera

position − znear.xview   direction
+znear.yview   direction + znear.zview   direction
s4 = camera

position + znear.xview   direction
+znear.yview   direction + znear.zview   direction
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lU|SxUlU||~}z{ll8lºÄ~}¥k6lJU· *  uZ|xUJ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}G±a}J|
(xstart, ystart, zstart)
·
 }~z vwl6lU|zwºÄuZk-}z{u|8BuZ*z{Szz¯}y{z{|l:yN² }y{¥uZziSk6lZ·L/l±Zl8lvSz~l8lvSl:}GuZfl8|
vS}|WS¹S~lk6z{l
~lk6|8}y¯Sy{x I
ray = (xend, yend, zend) − (xstart, ystart, zstart)
/lSuk¸S~l³v² x8i}Z~zy{y{u|
nbsteps
fz{Z~x¥Zl8&}GZ}Z
xx-»¶@x}°S~x8}y{}¸Sy{l-l&x~}J:zvSx>lvS}Jvwl³y¯}fSuZk6l
vw±Zl8Â~lS
vSz~l8z{uSSl8y¾Äy{l8| |uk6k6l| vwl-vwx} l&v² }~z{±xl:|uZJ uk6w}¸Sz{yz¯|x8| vS}|
nbsteps
Áuvwxl~k6zl:y{l
±Zl8Â~lSv² }G±a}Blk6l8Z
rayinc
vS}|]yX² lU|}Zlk6uvSl I
rayinc =
ray
nbsteps − 1
* B|SzlZu*l%#Ll8Sl-Sl:z{Jx8¥}az{u*vwl6yN² }G±a}J ±l|yN² }~z{j~l&l8*~l8|>l8Â}J y{}uZiSx~lBl6v² *~lvS¹}~zj8l
±Zl|]yN² }G±a}J I
C =
n
∑
i=0
α(i) C(i)
i−1
∏
j=0
(1 − α(j)).
u G
C(i)
l8|y{}-uSy{lSvS
iième
x8iB}Jz{yy{ufvw}GuZ¹¾ÀylU|-uZk:>uZ|~}J~l8|]S~zk-}z~l8|]~uS¥Zlw±Zl]lo¸Sy{lBÁ
α(i)x~}JFyX² uZ}z¼~x·Gl8|'xUi}Jz{y{yuZ||uZZ|~z¯Â~lk6lJFuvwuZSSx8|'|ly{u
y¯}ouºÄuvwl8SF}a»:v² u¸w~lSz{S~lBvw&±Zuy{Sk6z{JSl
u~lUÂ]llU|>l8~}Z3y¯}}|}~lBl·
®uZk:k6l3vS}|'uZwFl8vw:±uy{Sk6z¯Zlay{l;B}|~|}¥l]vwl]yN² l8|}l;vSl8|FvwuZSSxlU|3¾Ä±a}y{lFJk:x8z¯JSl]SSz¯vwz{k:l8|zuZSSly{y{lUÁ
:yX² lU|}Zlvwl8|3uSy{l~|;l3uZ}z¼~x8|¾ÀJ}ZvwSyl~|]v² lJz{l|@k&¸>uy{z{|~}J]yl8S|®z{Jl8|zxU|]lU|>l8z{±lU|~Ál8|3xU}y{z{|xB}
yX² l8k6SyuZz/v² SSl ºÄuZÂ~zuZfvwl}|ºÄl8·Bl
i}k:B|3|8}y¯}z{lx}JouZk6BuJ|x v² lJz{l|u@vSx8|3|S
1
uwÂ~l&¾
256
±G}yl8S|
>uZ|~|z{¸Sy{l8|ÁvS}|/u~ll¶@S~l ~z¯vwz{k:l8|zuZSSly{y{lvwl|zkSy¯}az{u ¥Z@uwz{Sxz¯ZlSlFl8yy{l ºÄuZÂ~zuZ
>lw|l ~lxU|l8Z~l
|u| ºÄu~k:l#vwl-l¶@S~l-SSz¯vwz{k:l8|zuZSSly{y{luHG°y¯}fu@uvwuZSSxl-vwll¶@~Sl³l8|}}yuZ¥Sly¯}±a}y{lSSu~k-}y{z{|xl-vw
|~}y{}z~l~l8iliSx@y{ll¶wl8yBuZzJx
|uw½a}J3yX² z{wºÄu~k-}a~zuZvwl uSy{lS3lovwlW}|}l8lZ·
² }y¥Zu~z¼~iSk6ll¶wSy{z¯zl yX² l8|l8k&¸Sy{l vwl
lU|]u>x}a~zuZ|·
 Ë >Æ 8ÄÈ  ª   o}GJk-}~iSz{S¥wz{yz¯|~}JSSlºÄuZÂ~zuZvwl~~}|ºÄl8·
1 : (xend,yend,zend) = texture2D(back_faces, (u, v))
2 :
 8
yend = ydiscard
 ËÀÆ a¨
3 : rejeter le fragment, sortie du fragment shader
4 :   8KD    8
5 : (xstart,ystart,zstart) = texture2D(front_faces, (u, v))
6 : ray = (xend,yend,zend) − (xstart,ystart,zstart)
7 : rayinc =
ray
nbsteps−1
8 : (x,y,z) = (xstart,ystart,zstart)
9 : FragmentColor.rgba = (0.0, 0.0, 0.0, 1.0)
10 :
 oÆ>© 
(i=0, i<nbsteps, i++)  

 8 
11 : texture_coord.x =
√
x2 + z2 − (R − rmax)
12 : texture_coord.y = y
13 : texture_coord.z =
atan(z,x)
2π
14 : voxel = texture3D(tokamak_texture, texture_coord.xyz)
15 : pixel.rgba = texture1D(transfer_function, voxel)
16 : FragmentColor.rgb = FragmentColor.rgb + pixel.a*pixel.rgb*FragmentColor.a
17 : FragmentColor.a *= (1.0 − pixel.a)
18 : (x,y,z) = (x,y,z) + rayinc
19 :   8KD    oÆ>© 
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yX² }}y{w|l vwlU|3vwuSxlU|3vwl y{}6|zkSy¯}az{u¥@~uwz{Sx~z{JSlZ·
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2
}G±l8&yl µX¸S#>l88uZ*lU| l¹k6l8|S~l6v² x8±Jzl8 l8zN·}#»¥S~l6$-
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vwl-¥Z}iSlf¾X®}  ºÄuv %  ßÁ
y{}B}z{l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Sx}G±Zl8Su~l
k6x~iSuwvwl¾Äy¯}6}~zl }~~zj8l² x~}ZB}|]~lvwlUÁÂ·
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¾ 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Sk6l|² l%#Ll8Sl
u~lUÂ~lk6lJ8·
/l8|&»¥S~l8|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S~l8|8·
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1 : (xend,yend,zend) = texture2D(back_faces, (u, v))
2 :
 8
yend = ydiscard
 ËÀÆ a¨
3 : rejeter le fragment, sortie du fragment shader
4 :   8KD    8
5 : (xstart,ystart,zstart) = texture2D(front_faces, (u, v))
6 : ray = (xend,yend,zend) − (xstart,ystart,zstart)
7 : rayinc =
ray
nbsteps−1
8 : uMSPITFS = log
raymax
‖ray‖ × 1nblod +
1
2nblod
9 : (x,y,z) = (xstart,ystart,zstart)
10 : texture_coord.x =
√
x2 + z2 − (R − rmax)
11 : texture_coord.y = y
12 : texture_coord.z =
atan(z,x)
2π
13 : sf = texture3D(tokamak_texture, texture_coord.xyz)
14 : (x,y,z) = (x,y,z) + rayinc
15 : FragmentColor.rgba = (0.0, 0.0, 0.0, 1.0)
16 :
 oÆ>© 
(i=0, i<nbsteps, i++)  
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17 : texture_coord.x =
√
x2 + z2 − (R − rmax)
18 : texture_coord.y = y
19 : texture_coord.z =
atan(z,x)
2π
20 : sb = texture3D(tokamak_texture, texture_coord.xyz)
21 : pixel.rgba = texture3D(MSPITFS, vec3(sf, sb, uMSPITFS))
22 : FragmentColor.rgb = FragmentColor.rgb + pixel.a*pixel.rgb*FragmentColor.a
23 : FragmentColor.a *= (1.0 − pixel.a)
24 : (x,y,z) = (x,y,z) + rayinc
25 : sf = sb
26 :   8KD    oÆ>© 
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|8² lU|:±@Ìvwz{k:z{@Sxl#l6yl#l8vw
}k:x8yz{u~xluZ|xUJSll·
987   D $& FN? 
qW}|Wy{l:8}vw~lvSlyX² }uwv² S*xUy¯}z{~}¥lZS*k:uwvwj8yl6vwl: iSuZS¥}³x~x:iSuZz{|zFuZk:k6l	J;oq2;Su~}k6k6lJBuZS
|~}6uk6Sy{l¶wzx }z¯|uZS}¸Syllo|~}6ZB}y{z¼~xvSl l8vw I
I = Ia + Id ∗ (−
−→
L .
−→∇f) + Is ∗ ((
−→
L − 2 ∗ (−→L .−→∇f) ∗ −→∇f).−→∇f)n ¾ZUÁ
}G±Zl8 I









Ia
y¯}6uk6>uZ|~}Jl }k&¸Sz¯}Jl
Id
y¯}:uk6>uZ|~}Jlvwz #>|l
Is
y¯}-uZk:>uZ|~}J~lW|BxUSy¯}z{~l
−→
L
y{l ±lUÂ~lS3z{z¯vwl8ZovSlWy{Sk6z{j~l Su~k-}y{z{|x
−→∇f yl ¥Z~}Zvwzl8J;SuZk-}yz¯|xvwl Su~lyuw}yz¯|~}az{uuZS~}Z~l
/l:¥Z~}Zvwz{lJ −→g = −→∇f l8| 8}y¯Sy{xy{}±uZyx8l:|ly{u*S°|ixk-}#vSlvwz #Lx~lBl-lJ~~}ylZ· wuz8>uS *±ZuG¶@l8yFvwluJuZ~vSuSSx8l8|]vwl~l¶@S~l
(s, t, u)
Su} I
−→g =
−−−−−−−→
(gx, gy, gz) =



gx = (s +
1
width
, t, u) − (s − 1
width
, t, u)
gy = (s, t +
1
height
, u) − (s, t − 1
height
, u)
gz = (s, t, u +
1
depth
) − (s, t, u − 1
depth
)
¾G¡Á
u G
width

height
l
depth
|uZJlU|>l8z{±lk6l8Zy¯}6y¯}~¥l8wy¯}6i}Slloy¯}-S~uºÄuZvwl8Svwl
y¯}:l¶J~S~l&q·* 
w~zy{z¯|}Z®ylU|vwxU}y¯}¥Zl8|~ly>Z/² l¶@yz¯zxU|vS}| y¯}ºÄu~k&yl G¡@ZuZ-l8|®| Svwl±Jz¯|z¼~l y{l8|±uz¯|z|uSl¶wl8|  Su~lo±uG¶wly
}ZÂlyXl8y{}:x}J3zBvwSzo}]y{l
|w|j8k:l vwl u~k6}yz¯|~}az{uvwl8|3u@uvwuSxl8|]vwlW~l¶@S~l
vS}|#*Bl8A ·
ql#y|8u«l8vÌ|uz{Ìvwl#Su~k-}y{z{|lyl¥}vwz{lJ}»¿vSl³~x8vwSz{~l#}¿k-}a¶wzkSk7ylU|}~lºÀ}ZÂ~|±@z{|Sl8y{|yz{x8| 
yX² }SSy{z{8}a~zuZvwl y¯} J]q2 I
−→g =
−−−−−−−−−−−−−−→
(
gx
‖−→g ‖ ,
gy
‖−→g ‖ ,
gz
‖−→g ‖)
}G±lU ‖−→g ‖ =
√
gx2 + gy2 + gz2.
² }y¥Zu~z¼~iSk6l#SxU|l8Jl:yN² }y{¥uZziSk6lu¸w~l@LBuZSS¹l8vw¹}ºÄuz{uvwl}|ºÄl8J}Bv u¹uZ|z¯vwx8l
JSl
n = 20
vS}|]yX² xUZB}az{u¹Z·
/l8|/»¥S~l8| -J£]l(-J¢3k6uJ~lJy¯}3±@z¯|}yz¯|~}az{u z{Jx8z{lS~lv² SSl]|zkSy{}z{u ¥ZJ~uwz{Sx~z{JSl®}G±l8 yN² wz{y{z{|~}a~zuZ&v² SSl
p w h 2 fvwl
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Sz±Zl8}w¶vwlvwx}z{y{|oBuZSoS |S~x8i}Jz{yy{u}¥lk-}a¶wz{k6}y/vwl
4096
}z{|zJ² }G±lUSSl
z{yy{Sk6z{}a~zuZ
vwl iSuS¥BwylU|]»¥ZSlU|!-/&l,-=3&z{yy{|}JyX² l¶J~x~zl8S3vwfh/uZ½a}k-}½L·
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1 : (xend,yend,zend) = texture2D(back_faces, (u, v))
2 :
 8
yend = ydiscard
 ËÀÆ a¨
3 : rejeter le fragment, sortie du fragment shader
4 :  
8KD    8
5 : (xstart,ystart,zstart) = texture2D(front_faces, (u, v))
6 : ray = (xend,yend,zend) − (xstart,ystart,zstart)
7 : rayinc =
ray
nbsteps−1
8 : (x,y,z) = (xstart,ystart,zstart)
9 : FragmentColor.rgba = (0.0, 0.0, 0.0, 1.0)
10 :
 oÆ>© 
(i=0, i<nbsteps, i++)  

 8 
11 : texture_coord.x =
√
x2 + z2 − (R − rmax)
12 : texture_coord.y = y
13 : texture_coord.z =
atan(z,x)
2π
14 : voxel = texture3D(tokamak_texture, texture_coord.xyz)
15 : pixel.rgba = texture1D(FT, voxel)
16 : gradient.x = texture3D(tokamak_texture, vec3 (texture_coord.x+ 1
width
,
texture_coord.yz) − (texture_coord.x − 1
width
, texture_coord.yz))
17 : gradient.y = texture3D(tokamak_texture, vec3((texture_coord.x,texture_coord.y+ 1
height
,
texture_coord.z) − (texture_coord.x, texture_coord.y − 1
height
,texture_coord.z)))
18 : gradient.z = texture3D(tokamak_texture, vec3((texture_coord.xy,texture_coord.z+ 1
depth
)
− (texture_coord.xy,texture_coord.z+ 1
depth
)))
19 : normalize(gradient.xyz)
20 : light_direction = normalize(LIGHT_POSITION.xyz − (x,y,z))
21 : light_reflected = reflect(−light_direction.xyz, gradient.xyz)
22 : view_vector = normalize(CAMERA_POSITION.xyz − (x,y,z))
23 : pixel.rgb *= (Ia + max(light_direction · gradient,0)*Id)
24 : pixel.rgb += ((light

reflected · view  vector)20*Is)
25 : FragmentColor.rgb = FragmentColor.rgb + pixel.a*pixel.rgb*FragmentColor.a
26 : FragmentColor.a *= (1.0 − pixel.a)
27 : (x,y,z) = (x,y,z) + rayinc
28 :   8KD    oÆ>© 
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